Abstract A cross-sectional study to investigate regional cerebral blood flow (rCBF) in patients with chronic whiplash syndrome and chronic neck pain patients without previous history of trauma along with a healthy control group. Chronic neck pain is a common disorder and a history of cervical spine injury including whiplash trauma constitute a risk factor for persistent neck pain. The aetiology of the late whiplash syndrome is unknown with no specific diagnostic criteria based on imaging, physiological, or psychological examination. Earlier studies indicate a parieto-occipital hypoperfusion but it is unclear if the hypoperfusion represents a response to chronic pain. The rCBF was monitored in 45 patients with chronic neck pain: 27 cases with chronic whiplash syndrome and 18 age and gender matched cases with non-traumatic chronic neck pain. The rCBF was estimated with singlephoton emission computed tomography (SPECT) using technetium99m hexamethylpropylene amine oxime (HMPAO). The non-traumatic patients displayed rCBF changes in comparison with the whiplash group and the healthy control group. These changes included rCBF decreases in a right temporal region close to hippocampus, and increased rCBF in left insula. The whiplash group displayed no significant differences in rCBF in comparison with the healthy controls. The present study suggests different pain mechanisms in patients with chronic neck pain of nontraumatic origin compared to those with chronic neck pain due to a whiplash trauma.
The aetiology of the late whiplash syndrome is unknown and several theories have been proposed varying from musculoskeletal lesions to psychological problems. There are, however, no specific diagnostic criteria based on imaging, physiological, or psychological examination. No organic lesions have been verified and reports of the psychological influence to the syndrome are contradictory [35, 36] . The diagnosis of chronic whiplash syndrome remains clinical until new means of diagnostics has been developed. Generalised hypersensitivity and central nervous pain mechanisms have been the focus of interest lately [2, 9, 38] . Earlier studies indicate a parieto-occipital hypoperfusion but it is unclear if the hypoperfusion represents a response to chronic pain [14, [28] [29] [30] [31] . It has been suggested that these blood flow changes may be caused by activation of nociceptive afferent nerves from the cervical spine [29] .
Studies comparing rCBF at rest in chronic pain patients to normal controls [11, 18, 21, 25, 26, 41] have reported reductions or asymmetric changes in thalamus and reductions in frontal, temporal, parietal, occipital regions. These reports are not conclusive since knowledge about cerebral pain mechanisms is mainly based on experimental studies. However, the rCBF response in acute experimental noxious stimuli are well evaluated and rCBF changes have been registered in secondary somatosensory cortex (SII), the insular regions, the anterior cingulate cortex, and with slightly less consistency the contralateral thalamus as well as the primary somatosensory cortex (SI) [33] . Changes in these regions are proposed to reflect the sensory, cognitive and affective dimensions of pain [10, 11, 33] .
Chronic whiplash syndrome which can be considered as a subgroup of chronic neck pain in general has been continuously debated. Our hypothesis was that chronic neck pain patients have a similar rCBF pattern irrespective of traumatic or non-traumatic origin.
The aim of the present study was to investigate rCBF in patients with chronic symptoms after whiplash injury and in patients with chronic neck pain without a history of neck injury and compare the rCBF findings with healthy subjects at rest. The study was approved by the ethical and radiation protection committee at UmeaŮ niversity.
Materials and methods
The present study includes 45 patients with chronic neck pain referred to Norrland's University Hospital at Umea in Sweden in the period 1997-2001. All patients gave written informed consent to participate in the study. The inclusion criteria were disabling chronic neck pain that resulted in full or halftime sick leave, or change in profession. All patients underwent a clinical investigation to exclude infection, rheumatoid arthritis, tumour or metastases as a source of pain. Furthermore, patients with a history of head injury, loss of consciousness, fractures of the cervical spine, serious psychiatric disorders and other severe disorders of the central nervous system or drug abuse were excluded. Twenty-seven of the patients (18 women, 9 men) had a chronic whiplash syndrome. The mean age was 41 years (range 26-65) and the average pain duration was 7.1 years (range 3-20) ( Table 1) .
Eighteen of the patients (13 women, 5 men) had a non-traumatic chronic neck pain with a mean age of 44 years (range 29-62). The average pain duration was 8.5 years (range 3-15) ( Table 1 ). The non-traumatic patients were selected from a patient medical chart database at the orthopaedic department based on the inclusion and exclusion criteria above. Sixty-one patients fulfilled these criteria and 26 of these matched the whiplash patients regarding age, sex, symptom duration, degree of pain, and educational level (Table 1) . These patients were asked to join the study and 18 agreed to participate. The diagnosis was a degenerative disorder without myelopathy or cervical nerve root affliction that would not benefit from surgical treatment.
Fifteen healthy subjects (8 men, 7 women) were included from a large prospective research project in the community of Umea˚, Betula [27] as the healthy control group. The inclusion criteria were good subjective and objective health. The mean age of the control group was 
Subjective complaints
The subjective complaints in the 45 patients were collected from the medical charts and summarised in Table 2. Additional information was achieved by interviewing the patients. Data from each group were compared by Mann-Whitney U test. Pain intensity was scored by a visual analogue scale (VAS) 1-10.
Image acquisition and processing
The rCBF-SPECT studies were performed at the department of Diagnostic Radiology and Nuclear Medicine, at Norrland's University Hospital, in Umea˚.
A three-headed gamma camera, Neurocam (General Electric, Milwaukee, WI, US) equipped with low energy high resolution (LEHR) collimators, was used. The spatial resolution of the system (FWHM) at a 100 mm distance from the camera was 6.9 mm. The SPECT studies were performed in a 360°stepwise rotation, with 90 s acquisition in 64 equal angles. The images were acquired in a 128·128 pixel matrix. All datasets were reconstructed into transaxial images using the filtered back projection technique. A 2D Hanning filter with a cut-off frequency of 0.9 cm )1 was used for pre-processing. The pixel size in reconstructed images was 2·2 mm.
Attenuation correction was performed according to the Chang algorithm [4] . The outline was automatically defined at 10% of maximum count with an ellipse in each slice. The attenuation coefficient was set to the standard value of 0.12 cm )1 for this system. The image data was exported as Interfile data from the GE Genie station (General Electric, Milwaukee, WI, US) and converted to ANALYZE format before further analysis.
The Tc-HMPAO i.v., as in clinical routine. The healthy controls received a reduced activity of 600 MBq, according to the local radiation protection committee. A 30 min rest with eyes closed in a dimly lit room preceded the administration of radiotracer. Following injection, a 10-40 min rest was undertaken before examination with the scintillation camera. In order to obtain a robust scanning geometry an individually formed thermoplastic face holder [22] was used together with carbon fibre instrumentation connected to the examination bed. The thermoplastic face holder did not significantly affect the attenuation. The uptake of 99m Tc-HMPAO at rCBF-SPECT reflects the brain function, which is related to the blood flow. The uptake in the brain occurs mainly 1-2 min following the injection and is influenced by the emotional state at the time of injection.
Statistical parametric mapping 99 (SPM99 Welcome Department of Cognitive Neurology, University College, London) was used to estimate differences in rCBF between the groups. Calculations were performed with Matlab 6.0 (Mathworks Inv., Sherborn, MA, USA). The rCBF-SPECT studies were registered to the SPM SPECT template using a non-linear anatomical standardisation with 12 affined parameters, and bi-linear interpolation. For the statistical analysis, the registered image data were smoothed with a 12 mm 3D Gaussian filter kernel. The confounding effect of varying global activity was removed by proportional scaling to a global value of 50 ml/min per 100 g. A grey matter threshold of 0.8 was used. A compare-populations design (two sample t test) using one scan per subject condition was used to evaluate differences in rCBF between the three groups. The evaluation design in SPM-contrasts was defined to investigate regions of increased or decreased radiotracer uptake in all three groups compared to each other. An SPM-cluster was considered significant at a P value below 0.05 corrected for multiple non-independent comparisons. Peaks consisting of more than 10 voxels (k=10) with an uncorrected P value of 0.001 is reported and related to previous findings. To determine the anatomical localisation of the SPM data, a conversion of MNI coordinates to the Talairach brain atlas was done using a non-linear function described at CBU Imaging web site (http:// www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html). All SPM results are described in Talairach coordinates. The SPM99 add on MNI Space utility (MSU) developed in the PET Lab of Institute of the Human Brain (http:// www.ihb.spb.ru/$pet_lab/MSU/MSUMain.html) was used to analyze the anatomical extension of the significant clusters in terms of anatomical region labels used by the Talairach Daemon (http://www.ric.uthscsa.edu/ric_resources/resources.html). SPM cluster extension is described in terms of hemispheres, brain lobes, gyri and lobules, as well as nuclei. The SPM data were also compared to MRI-templates in SPM in order to visualise the anatomical localisations.
Results

Subjective complaints
The clinical symptoms are summarised in Table 2 . All patients had complaints from the head, neck and back region. A higher number of complaints such as headache, forgetfulness and concentration problems were registered in the whiplash patient group compared to the non-traumatic pain patient group.
SPM-contrasts to detect altered blood flow
Non-traumatic patients compared to healthy controls: The contrast to detect a relatively lower rCBF in nontraumatic pain patients compared to healthy controls (healthy minus non-traumatic) showed two significant clusters in the right hemisphere and right cerebellum (Fig. 1a) . The major cluster with reduced rCBF in the right hemisphere (11 ml, 1,323 voxels) mainly involved the temporal lobe and the limbic lobe. This cluster included one-fourth of the caudate tail and approximately one-fifth of hippocampus and a part of the parahippocampal gyrus. The minor cluster (7 ml, 894 voxels) was located at the centre of the cerebellum, and was distributed around two-thirds in the left lobe involving mainly the anterior lobe. The cluster size and Talairach coordinates are described in Table 3 and the anatomical localisations of the clusters in Table 4 . A non-significant peak with a lower rCBF was detected in the right temporooccipital cortex (P=0.001 uncorrected), (Fig. 1a , Table 3 ). The contrast to detect relatively higher rCBF in non-traumatic pain patients compared to healthy controls (non-traumatic minus healthy) showed no significant cluster.
Whiplash patients compared to healthy controls: the contrast to detect relatively lower rCBF in whiplash patients compared to healthy controls (healthy minus whiplash) did not reveal any significant clusters. However, two non-significant small regional differences, one in the right temporal region and one in the left temporoparietal region (Fig. 1b) were detected at an uncorrected voxel level of P=0.001. The Talairach coordinates are shown in Table 3 . The reversed contrast to detect an increased rCBF in whiplash compared to healthy controls did not reveal any significant difference.
Whiplash compared to non-traumatic patients: The contrast to detect relatively higher rCBF in whiplash compared to non-traumatic pain patients (whiplash minus non-traumatic) showed one significant extensive cluster including 22 ml, 2,700 voxels, mainly located in the right hemisphere extending into the right side of the brainstem. Half of the cluster was located in the right temporal lobe, one-fifth in the limbic lobe, and one tenth in pons. The cluster involved half of hippocampus and a quarter of the parahippocampal gyrus in which the global maxima was located (Table 3, Fig. 1c) . The anatomical localisation of the significant cluster is presented in Table 4 . The contrast to detect a relatively higher rCBF in non-traumatic pain patients compared to whiplash patients (non-traumatic minus whiplash) showed a non-significant small region in the parietal lobe involving precuneus. In addition, there was also an rCBF difference in the anterior part of the left insula (uncorrected P=0.001), (Fig. 1d, Table 3 ). 
Discussion
Our hypothesis of a similar rCBF pattern in chronic neck pain patients irrespective of a traumatic or nontraumatic origin was not supported by our results. Although the whiplash group and the non-traumatic group were comparable concerning clinical parameters of importance for the development of chronic pain, there was a considerable difference in rCBF between the groups. No significant changes were detected in the whiplash group while the non-traumatic group showed a significant altered rCBF pattern compared to healthy controls.
The rCBF pattern in patients with non-traumatic chronic neck pain with reductions in parts of the parahippocampal gyrus close to hippocampus may reflect a suppression of brain systems subserving episodic memory and emotional response to a known aversive stimulus [16, 32] . The affected temporal regions normally participate in the cognitive processing of pain and memory, and it might be that the rCBF changes seen could either reflect an anxiety related cognitive processing of pain [5, 23, 34, 39] or could be a coping strategy for handling a known painful situation [32] in the non-traumatic pain group. Unilateral chronic pain has shown contralateral rCBF decrease in thalamus [13, MSU estimates the brain regions part of the cluster (first column) and the reverse relation, cluster part of different brain regions (second column). The regions are described in terms of four Talairach daemon atlas levels dividing the brain into hemispheres, brain lobes, gyri/ lobules and nuclei 17, 20] . This decrease could not be seen on the chosen significance level. An explanation to this disagreement could be the fact that the chronic neck pain in the patient groups was without lateralisation. The significant decrease of rCBF in parts of cerebellum in the nontraumatic neck pain group is supported by studies showing motor-related areas. i.e. the striatum, cerebellum and supplementary motor area, being associated with pain [11, 33] . The pronounced rCBF reductions in the medial temporal lobe support a continuous pain processing at rest in the non-traumatic group. These rCBF changes were not seen in the whiplash group. The finding of a reduced rCBF in the left temporoparietal region, mainly located in somatosensory area in the whiplash group compared to the healthy group (Fig. 1b) is interesting, even though not significant, since it is in concordance with previous studies showing changes in these regions [29] . This reduction might support afferent pain input with absent pain processing. The reason for the unexpected 'normal findings' in the whiplash group is not known. The peaks with a higher rCBF in pain related areas as left insular region and right precuneus in non-traumatic patients compared to whiplash patients further indicate a difference in pain mechanism between the groups. The fact that patients with chronic neck pain have a heterogeneous aetiology presents a problem when selecting patients. However, all chronic pain patients have been extensively examined including an MRI investigation. In addition, all patients have achieved symptom-diagnosis like chronic neck pain secondary to degenerative disorders or chronic whiplash syndrome. Both groups included a few patients who had radicular symptoms without neurological deficiencies. There were no significant differences in any of the investigated clinical parameters except a history of whiplash trauma.
The included patients represent a common chronic disorder in the Western society. These patients are often difficult to treat since they usually lack an organic diagnosis. Hence, we consider it important to perform cerebral investigations in a variety of chronic pain patients in order to explore differences in central expression of pain. Our findings may enhance the knowledge of central pain processing in chronic pain patients.
Although the whiplash patients express the same degree of pain and disability as the other chronic patients, rCBF changes reflecting cerebral pain processing was not seen in comparison to the healthy controls. The similarity of whiplash and healthy controls as well as the differences between traumatic and non-traumatic patients is unexpected and has to be validated and further investigated.
Due to the small number of included patients and the fact that there were no significant differences between pain groups in terms of gender distribution, we abstained from evaluating the gender differences in this study. However, in previous studies differences between male and female subjects in the mean rCBF and a lateralisation of brain activity has been observed [12, 19] .
This study provides support for a continuous cerebral pain processing in non-traumatic chronic neck pain patients. However, support for a continuous cerebral pain processing could not be found in the whiplash patients. Therefore, the present study suggests different pain mechanisms in patients with chronic neck pain of non-traumatic origin compared to neck pain after whiplash injury. Thus, the present study could not diminish the controversy concerning chronic neck pain in chronic whiplash patients. Further studies to investigate differences in brain function/blood flow patterns at different pain models/mechanisms are, therefore, needed.
